The oxygen isotope ratio (δ 18 O) in tissues is the outcome of both climatic and geographical factors in a given individual's place of abode, as well as the physiology and metabolism of his organism. During an individual's life, various rates and intensities of physiological and metabolic processes are observable in the organism, also within the bone tissue. The aim of this study is to verify whether involutional changes occurring as a result of the organism's ageing have a significant impact on δ 18 O determined in the bone tissue. The material used for analysis was fragments of the long bones taken from 65 people, (11 children and 54 adults), whose remains had been uncovered at the early mediaeval (X-XI century) cemetery located at the Main Market Square in Kraków (Poland).
INTRODUCTION
The introduction of biochemical methods for the analysis of human remains has been very important for the development of research focused on establishing the place of origin and migration patterns within human groups diversified in terms of both time and space. An important place in this field is occupied by the analysis of stable isotopes of oxygen (δ 18 O) in human remains.
The proportion of stable oxygen isotopes ( 18 O/ 16 O) is expressed in the form of a relative measurement (using "delta" notation), where the oxygen isotope ratio of the investigated sample is related to the oxygen isotope composition of a standard and expresses in per mil (Benson et al., 2006) 
The existence of a relationship between the δ 18 O ratio of the skeletal phosphate and the isotopic composition of the environment in which a given individual dwells has been confirmed by Longinelli (1984) . By combining this fact with observations confirming a link between the isotopic composition of the oxygen in meteoric water with geographical and climatic conditions occurring in the area in question, it is possible to reconstruct the living area (or habitat) of both individuals and whole human groups (Dupras and Schwarcz, 2001; Hoogewerff et al., 2001; Kendall et al., 2013; Oelze et al., 2012; Szostek 2009; White et al., 2004a White et al., , 2004b Włodarczak et al., 2011) . As a result, research of this type conducted on skeletal material has become extremely useful for tracking the seasonal wanderings of both animals and people (Britton et al., 2009; Henton et al., 2010; Rubenstein and Hobson, 2004; Shaw et al., 2010) and also the migration of individuals between groups and the origin of settlement(s) in diverse areas (Knudson and Price, 2007; Leach et al., 2009; Prowse et al., 2007; Szostek et al., 2013; White et al., 1998) .
Living organisms absorb elements from the resources available in their surrounding environment including the air, soil, water and food). This fact leads to the establishment of an elemental and isotopic equilibrium between plants, animals and people and the environment in which they live, which is reflected in the isotopic composition of their tissue (Kohn and Cerling, 2002; West et al., 2006) .
Isotopes of an element differ in weight but not in gross chemical properties. However, according to the principles of quantum mechanics, the variable amount of neutrons and resultant slight differences in the mass of atoms leads to subtle differences in the physical properties of isotopes -the so-called isotope effect (Sharp, 2007) . Isotopes of an element have slightly different equilibrium constants for a particular chemical reaction because the value of the bond energy required to break the chemical bonds in molecules vary depending on their isotopic composition. Hence, slightly different amounts of reaction products are made from substrates containing different isotopes. (Daux et al., 2008; Luz and Kolodny, 1989) . The direct outcome of this is isotopic fractionation, entailing a change in the abundance ratio of isotopes during a chemical reaction or physical process. Isotopic fractionation leads to the noticeable enrichment of one isotope in comparison with another (Sharp, 2007) .
Body water comprises a pool of stable oxygen isotopes incorporated into the structure of all the tissues of living organisms, including bones and teeth (White et al., 2004b; Warinner and Tuross, 2010; Wolf et al., 2011) . In skeletal tissue, oxygen incorporated into the inorganic matter, mainly occurs in the form of phosphate, carbonate and hydroxide ions (Kohn and Cerling, 2002) . It has been proved that in warm-blooded animals, oxygen isotope composition in the skeleton correlates with the δ 18 O ratio in the body water, but their final concentration results from diverse biological, behavioral and environmental factors (Kirsanow and Tuross, 2011; Kohn, 1996) . During the process whereby oxygen is incorporated into the bone tissue, isotopic fractionation occurs, manifesting itself in the fact that the lighter 16 O isotope is taken up at a greater concentration than its heavier variant ( 18 O). This variation reflects the value of the fractionation coefficient (α), which in humans is maintained at a level of around 1.0214 (Longinelli, 1984) . The δ 18 O level of body water in warm-blooded animals is determined by the balance between assimilated and excreted oxygen (Bryant and Foerlich, 1995) . In humans, the main source of oxygen in body water is drinking water, which comprises around 70% of the complete oxygen pool in an organism (Daux et al., 2008) . The remaining portion of oxygen is supplied to the body from water contained in food, water originating from metabolic processes of food and atmospheric air. Oxygen loss in an organism occurs mainly through urination, sweating, and exhaling air (Luz and Kolodny, 1989; Widory 2004) . Given that (oxygen in) drinking water makes up a substantial proportion of the general oxygen pool in the human organism, it would appear to be the main factor accounting for isotopic variation of oxygen in both body water and bone and dental tissue (Daux et al., 2008; Lécuyer et al., 1996) . For historical and prehistoric human populations, the main source of drinking water was meteoric water, i.e. streams, rivers, lakes or wells occurring on the area permanently or temporarily settled by a given group (Dupras and Schwarcz, 2001; White et al., 2004b) . The isotopic composition of meteoric water depends on geographic and climatic factors in a given area. The most important of these are latitude, altitude and distance inland as well as temperature, seasonal and amount effects (Bowen and Wilkinson, 2002; Fricke and O'Neil, 1999; Gat, 1996) . A number of studies have revealed the existence of a positive relationship between both the oxygen isotope composition of the body water and drinking water, and between that of the drinking water and the phosphate groups building bone apatite, although slight differences are evident in the regression equation and the value of the correlation co-efficient between authors (Daux et al., 2008; Levinson et al., 1987; Luz and Koldny, 1989; Pollard et al., 2011) . When the earlier discussed variation in the level of δ 18 O oxygen resulting from the environmental conditions in a given area is also taken into account, it can be concluded that the oxygen isotope ratios in bones and teeth reflect the oxygen isotope composition typical of the area where a given individual grew up and was living in adulthood (Longinelli, 1984; White et al., 2004a) .
However, when analysing the regression line depicting the dependence between the δ 18 O level in the skeleton and the meteoric water, it is possible to observe that the δ 18 O ratio determined in the bone tissue is always higher than in the meteoric water. This is due to the fact that the values of the slope (a) and intercept (b) describing the regression line depend both on the percentage share of all the components containing oxygen atoms assimilated and excreted by the organism and also the values of the oxygen isotope fractionation accompanying metabolic changes in its body (Luz and Kolodny 1989) . The results of experimental tests carried out on animals indicate that oxygen isotope variation in tissue may arise not only from environmental factors but also from interspecies and even individual variation in physiological processes connected with body size, an animal's metabolic rate and the type of thermoregulatory mechanism occurring in its case (Bryant and Froelich, 1995; Grimes et al., 2008; Wong et al., 1988) . The final oxygen isotope concentration in animal tissue is also dependent on the kind of food that is available, including the quantity of water that is taken in and the manner in which it is assimilated and stored within the organism (Kohn, 1996) . Research carried out by Zanconato et al. (1992) and Widory (2004) has shown that oxygen fractionation in the human organism decreases as a person's physical activity increases. The phenomenon occurs as a result of more intense oxygen diffusion through the lung capillaries during the breathing process, an increase in arterial tension and excessive water loss as a result of perspiration. Due to this, a statistically significant increase of oxygen isotope ratio is observed in healthy, more active individuals than in the organisms of less active individuals, the sick and also the elderly (Reitsema and Crews, 2011; Widory, 2004) .
During an individual's life, various rates and intensities of physiological and metabolic processes are observable in the organism (Żołądź et al., 2011) . Previous studies have shown that age-progressive disruptions of the balance between anabolic and catabolic processes, with a clear shift in the direction of the latter, are the essence of the ageing process (Lamberts et al., 1997) . With age, the organism loses its ability to synthesize many functional and structural components. There is also a reduction in the activity level of vital processes and disruptions occur in water and mineral management. In response to the progressive destruction of cells and tissue, the body displays regressive changes, while failing to keep pace with the processes of renewal and regeneration (Arlot et al., 2005) .
Significant changes also occur in the structure and functioning of bone tissue. First and foremost, there is a reduction in the regenerative properties of bone (Akkus et al., 2003; Bergot et al., 2009) . Among older people, there is a reduction in the activity level of osteoblasts responsible for the creation of bone tissue, resulting in resorption processes gaining an advantage over those of bone creation. Moreover, disruptions appear in the calcium absorption process in the gastrointestinal tract. There is also an observable reduction in the synthesis of calcitonin, whose roles include the inhibition of osteoclast activity. These processes result in accelerated loss of bone mass, which can lead to osteoporosis (Stawińska et al., 2005; Steiger et al., 1992) .
Another consequence of involutional processes in the skeleton is the change in the chemical structure of bone. Nyman et al. (2008) demonstrated a permanent agerelated reduction in the water content in bones, which is the consequence of the gradual general dehydration of the organism. The calcium and phosphorous content and Ca/P ratio of human trabecular bone remain unchanged with normal ageing (Gałasińska and Gałasiński, 1959) . The professional literature is not in agreement on changes in collagen content with age. Rogers et al. (1952) found increasing content of collagen in human bone with age, in contrast to the findings of other researchers who noted a fall with increasing age (Eastoe, 1956) . Bone collagen, however, shows qualitative changes with age. Wang et al. (2002) indicated that an increase in stiffness of bone with ageing may be associated with increased enzymatic collagen cross-links.
Given the fact that the oxygen isotope level in tissues is the outcome of both climatic and geographical factors in a given individual's place of abode, as well as the physiology and metabolism of his organism, the question arises of whether involutional changes occurring as a result of the organism's ageing have a significant impact on the oxygen isotope composition determined in the bone tissue. If such oxygen isotope variation in bones were an outcome of age-related involutional processes, this could present a serious problem during the interpretation of the results of analyses relating to the description of the origin and migrations of older individuals.
The previous professional literature contains various attempts to describe this issue. For example, Kirsanow and Tuross (2011) studied the oxygen isotope ratios in rat tissue at consecutive stages of ontogenetic development. However, these studies focused on the link between oxygen isotope content in the organism and changes in body size during the animal's development rather than the age and ageing of the organism. These pilot studies therefore also aim to carry out research into whether the oxygen isotope composition in human bone tissue is dependent on an individual's age.
SITE DESCRIPTION
Kraków is located in southern Poland by the Vistula river, on the border between geographical regions with diverse landscapes, covering the outskirts of KrakowskoCzęstochowska Upland, Sandomierska Valley and Karpackie Foothills. Natural environmental reaches of the region provided favorable conditions for an extensive settlement supported with an excellent agricultural and material basis (Radwański, 1975) . Like most of the earlymedieval cities, Kraków was established in conjunction with a castle (Wawel), initially forming a centre of tribal administration, and next -of state and church one (Rajman, 2004) . Historical and archeological data confirm that already in the period between VII century and year 1257 Kraków was a dynamically developing settle-ment, in many aspects including social and economic side of life, with urban and state functions (so-called formative period of a city). Moreover, the city from that time was classified already as a leading trade centre, both locally and internationally (Rajman, 2004) .
The cemetery was uncovered during archaeological work carried out at the Main Market Square in Kraków from 2005 to 2008 (Fig. 1) . On the basis of a set of coins and ornaments found in the burial ground, its period of use has been dated to between the turn and end of the 11 th century. It is supposed that the cemetery came into being at the same time as the construction of St. Adalbert's Church, which took place in the 10 th century (although archaeologists do not exclude the possibility of it having functioned as a local cemetery unaffiliated to any church). The burial ground's period of functioning is closely linked to the need of a dynamically developing settlement and "economic zone" to occupy this area (Głowa, 2010; Kępa et al., 2011) . So the cemetery was actually functioning before the official establishment of Kraków under Magdeburg Law in 1257.
Despite a great deal of archaeological work being undertaken, no early mediaeval pre-foundation cemetery has been recorded which would be appropriate for this settlement complex in terms of period of functioning and area of the occupied area. It is therefore assumed that the inhabitants of Kraków were buried in the discovered burial ground. Of course, there were some modest cemeteries in the area covered by the settlement of Kraków, which were situated by such churches as St Andrew's, St Martin's or St Giles', but they were not large enough to enable the population of Kraków to be laid to rest (Głowa, 2010) .
Excavations have led to the discovery of 177 graves. The skeletons of 211 individuals were found in burial pits, while the remains of 47 people were found outside graves (in most cases individual bones or skeletal fragments). Within the cemetery, in which people of both sexes covering a full cross section of ages were buried, we are dealing with a funeral rite dictating inhumation in rows. A burial pit was usually intended for a single individual, but the occasional double burial was found. Often coffins were recorded in the burial pits.
The basic organization principle of the necropolis was, as is typical of similar cemeteries from other parts of Poland, the laying of graves in rows along a North-South axis (Zoll-Adamikowa, 1971 ). The majority of the burials were oriented, in accordance with the Christian rites, along an East-West axis (with the head pointing to the West) (Dzik, 2006) . The dead were laid in a supine position with their upper limbs alongside their torsos. However a significant number of those found at this burial site depart markedly from these principles. Here can be noted a concentration of graves at right angles to each other or radiating out in different directions, heads pointed to the east and bodies laid along a North-South axis in a crouched position or on their stomachs. The manner of laying the upper limbs of the deceased also displays significant variation.
MATERIAL
Fragments of the compact bone were extracted from diaphysis of femur taken from 65 individuals, including 11 children and 54 adults (22 men and 32 women), whose remains had been uncovered at the early mediaeval cemetery located at the Main Market Square in Kraków. All individuals were recovered from the same type of graves (wooden coffin; East-West orientation of skeletons). Five of them were in shared graves (grave no. 2288: 3 individuals and grave no. 963: 2 individuals).
Age of individuals was estimated on the basis of dental development and epiphyseal closure (in children) as well as cranial suture closure, changes on the surface of the pubic symphysis and the rate of tooth wear (in adults) (Buikstra and Ubelaker, 1994; White and Folkens, 2005) . Sex was determined primarily on the basis of the pelvic form, i.e., greater sciatic notch and subpubic morphology, supplemented with cranial features (Acsádi and Nemeskéri, 1970; Bruzek and Murail, 2006; Buikstra and Ubelaker, 1994) .
The research covered individuals who were more than 5 years old at the time of death, for it is assumed that the youngest children were breastfed, which could have represented an extra factor conditioning the oxygen isotope ratios in bone . Given the biological and cultural aspects of the weaning process, children over five were probably not breastfed (Richards et al., 2002) .
When using bone in isotope research, it should be taken into account that bone undergoes continuous histological and elemental remodelling. The pace of this process with regard to the compact bone of long bones reaches 4-8%/year in adult individuals, which means that that the oxygen isotope composition indicated in this tissue represents the final years of life of the investigated individuals (Manolagas, 2000; Ruff and Hays, 1988) . In children, the process is faster due to the intense pace of bone development, growth and modelling, lasting about a year, and only a few months in the case of newborns (Parfitt et al., 2000; Turner et al., 2007; Williams et al., 2005) .
METHOD
In order to conduct analyses of the bone material, the fragments of compact bone taken from the skeletons were washed in an ultrasonic cleaner, dried and ground in a ball mill.
During the first stage of research, it was necessary to carry out an accurate assessment of the degree of advancement of diagenetic changes in the mineral structure of the bone material, since the isotope analysis covered skeletal remains from the medieval period. For this reason, each bone sample was subjected to analysis by means of the infrared spectroscopy method using the Fourier transform (FTIR, Fourier Transform-Infrared Spectrometer) in accordance with the methodology proposed by Wright and Schwarz (1996) . For every bone, a spectrum in the mid infrared range (from 4000 cm -1 to 400 cm -1 ) was attained in the form of an absorption dependency function from radiated energy expressed using a wavenumber (ν [cm -1 ]). The spectral analysis was conducted using the Essential FTIR v 2.00.040 software.
On the basis of the spectra, two indicators were applied to assess diagenetic alteration of the samples -the Crystallinity Index: (Lebon et al., 2010; Wright and Schwarcz, 1996) .
During the next stage, analysis of stable oxygen isotopes was conducted on phosphorus groups isolated from the bone apatite. Approximately 40 mg of cortical bone samples were pretreated using 2% NaOCl, 0.125M NaOH and 2M HF to remove organic material and calcium. The phosphate of the samples was precipitated as silver phosphate crystals (Ag 3 PO 4 ) by adding 15 ml of the silver nitrate solution (AgNO 3 ) (Grimes and Pellegrini, 2013; Stephan, 2000) . The oxygen isotope ratios of Ag 3 PO 4 crystals were measured at the Radioisotope Laboratory at the Silesian University of Technology in Gliwice, using elemental analyzer coupled to the IsoPrime continuous flow isotope ratio mass spectrometer. Each sample was analysed in triplicate and the results were averaged.
Silver phosphate prepared from an NIST 120c sample was used as an oxygen isotope composition standard. During the calculations, a δ 18 O for NIST 120c equal to 21.7‰ in relation to the VSMOW scale was adopted as a benchmark (Chenery et al., 2010; Lécuyer et al., 2007) . All δ
18
O results were expressed on the VSMOW scale (Coplen, 1994) .
All statistical analyses were conducted using Stagraphics Centurion XV software. The Pearson's correlation coefficient (r) and the coefficient of determination (R 2 ) were used to test linear relationship between variables. In order to assess significance of the correlation coefficient the level of statistical significance (p) was calculated.
RESULTS
All the results of the conducted analyses for the samples taken from the investigated individuals have been listed in Table 1 .
Diagenesis
According to the data available in the literature, the CI value for bones should not exceed 3.6 if it is to be assumed that the bone material has not undergone significant re-crystallisation (Berna et al., 2004; Szostek et al., 2011; Wright and Schwarcz, 1996) . In the case of the CO 3 /PO 4 indicator, results exceeding the 0.15-0.7 range indicate changes in the mineral portion of the osteological material. CO 3 /PO 4 indicator values below 0.15 indicate degradation of the fraction of biogenic carbonates or the incorporation into the crystalline network of secondary apatites with a low carbonate content, e.g. francolite. In contrast, too high values of the CO 3 /PO 4 indicator would suggest that the samples have been contaminated by calcite (Nagy et al., 2008; Yoder and Bartelink, 2010) .
The CI values of the investigated bone samples were within the 2.64-3.43 range and those of the CO 3 /PO 4 indicator within the 0.19-0.53 range. Therefore, there was no record of any bone sample exceeding the permissible range both in respect of CI index and CO 3 /PO 4 indicator values, which suggests that the mineral structure during life had been preserved in all cases.
In order to ascertain whether potential diagenetic changes impacted on the oxygen isotope proportions in the bone, tests were carried out to check for the existence of a relationship between the CI index and the oxygen isotope composition (δ 18 O) of the collected bone and dental tissue samples. An analogous relationship for the CO 3 /PO 4 indicator was also tested for. Analysis of correlations between the above diagenetic parameters and the oxygen isotope composition of the researched tissues samples is regarded by many researchers as an important indicator when the diagenesis of skeletal material is being researched (Dupras and Schwarcz, 2001; Spence et al., 2004; Wright and Schwarcz, 1996) . Pearson correlation analysis failed to reveal any significant relationship be-tween the CI and δ 18 O level (p = 0.07) or between the CO 3 /PO 4 indicator and δ 18 O level (p = 0.27). The results show that any potential post mortem changes in the samples that were taken were insignificant from the perspective of spectrometric oxygen isotope analysis of the phosphate apatites.
Oxygen Isotope Analysis
The main objective of this study was an analysis of the relationship between the level of oxygen isotopes contained in bone phosphates and the age of studied individual. It allowed assessing the homogeneity of the analysed group and similarity of its characteristics with the local population. The bone δ 18 O value was referenced to the isotopic level in precipitation occurring over Kraków area. In the case of Polish territory, particularly the southern part of the country, the variability of ratio of oxygen isotopes notified in case of precipitation water is high and due to both diverse climate (hot summer months, cold winter months) and specific topography of the terrain (uplands and valleys). In the area of Kraków, the average of oxygen isotope ratio in precipitation water amounts to -9.83‰ with standard deviation of 3.27‰.
Long-term measurements of the oxygen isotopes ratio in precipitation water were made within the project -the Global Network of Isotopes in Precipitation (GNIP) -in a station located in Kraków's district (Wola Justowska) about 5 km away from the Main Market Square (Fig. 2) . Results are made available by The International Atomic Energy Agency (IAEA, 2001) .
The range of variability of oxygen isotope level occurring in Kraków area was established based on the value of two standard deviations (Roberts et al., 2013) resulting in local level between -16.37 and -3.29‰. This range corresponds to a δ 18 O range of bone phosphate from 12.07 to 19.63‰ (Daux et al., 2008) . The use of oxygen isotopes to determine migration is based on the relationship between oxygen isotope composition of human bone and contemporary isotopic variation in its content in the precipitation within the study region. All results were within the range of local value, hence analysed individuals were considered as residents of Kraków (Fig. 3) . Moreover, no differences were observed in the level of oxygen isotopes found in individuals buried in shared graves and in individual graves. In order to assess the relationship between the oxygen isotope value in bone phosphate and an individual's age, regression analysis was used. The conducted analysis revealed the existence of a linear negative correlation between the above parameters (r = -0.28; R 2 = 7.90%), which appeared to be statistically significant (p = 0.02). It should be noted that no influential point was identified to significantly affect the slope of the regression line. The outcome of the analysis is presented in Fig. 4 .
To verify the direction of relationship in the context of age and sex of the studied individuals, further analyses were conducted. In a case of females, the age of the individual seems to be important in the determination of δ 18 O ratio in bone (r = -0.39; R 2 = 15.14%; p = 0.03) -the older the individual is, the lower oxygen isotope value in bone is (Fig. 5) . In males, the correlation is not statistically significant (p = 0.26).
Tests were therefore also conducted to ascertain the nature of the relationship between the δ 18 O level in the long bones and the age of individuals in the following age brackets: 1) < 40 years and 2) ≥ 40 years. Analyses were conducted separately for women and men. A regression line was again adapted to fit each of the allotted groups and in both cases a straight-line relationship was affirmed. In the case of the group of individuals under 40 years of age, the relationship between the investigated parameters turned out to be statistically insignificant for both males (r = -0.21; R 2 = 4.36%; p = 0.60) and females (r = 0.24; R 2 = 5.63%; p = 0.31). Also in men older than 40 years no statistically significant correlation between δ 18 O ratio and age was noted. However, in women representing the oldest age classes (the group over 40 years of age), a negative correlation (r = -0.81; R 2 = 65.47%) was observed, which was revealed to be statistically significant (p = 0.0014) (Fig. 6) . It should also be stressed that none of the above analyses showed an element significantly altering the shape of regression line (influence points).
Differences in isotopic composition of oxygen in bone phosphate between the oldest female individuals and the remaining part of the group were shown also by multivariant cluster analysis (using group average method) (Fig.  7) . The three oldest women were distinguished as a separate cluster (cluster 2) and had the lowest values of δ 18 O in bone phosphate which significantly diverged from the mean value of cluster 1. The youngest individuals (within age groups of infans I and infans II) did not differ significantly in this respect from adult individuals (in age groups of adultus and maturus).
A biodemographic analysis of people deceased in the prelocational Kraków conducted by Głąb et al. (2010) showed that the age structure of the studied group is closest to that of a progressively developing population (Rosset, 1959) . Among the deceased there was a high proportion (49.7%) of children (0-14 yrs) and low proportion (around 5%) of elders (≥ 60 yrs). These results are supported by the historical and economical characteristic of Kraków as a city dynamically developing in early Middle Ages. It should be added that such a low proportion of individuals from the senilis category is typical also for other medieval populations from the area of Poland and ranges from 1.5 to 9.3% (Łubocka and Gronkiewicz, 2006) . Among specimens studied in the present work the proportion of older people amounted to 8%, thus it can be claimed that regarding the age structure the group is characteristic for this period and representative in the context of proportions of individuals in particular age groups. However, the authors are aware that small size of studied sample might affect the statistical analyses, thus the above results should be treated with caution and as preliminary.
DISCUSSION
Research carried out on various species of animal has shown the variable level of δ 18 O in tissues is not only dependent on environmental factors, but also on the organism's physiological conditioning (White et al., 2004b) . A particularly strong correlation has been observed between the δ 18 O ratio and the rate of metabolic changes occurring in the body, which are chiefly linked, in turn, with body weight. Small animals characterized by swift metabolism are notable for their low levels of δ 18 O in comparison with large animals with a significantly slower metabolism (assuming, of course, that they are consuming water with an identical oxygen isotope composition) (Bryant and Froelich, 1995) . The metabolic rate changes at different stages of a person's development, while the fastest oxygen metabolism rate is observed in children, due to the process of continuous growth occurring within them, as well as the intensive development of their systems and organs (Armon et al., 1991) . This fact would suggest the occurrence of a lower oxygen isotope level in children's bones in comparison with those of adult individuals. The cluster analysis showed that no significant difference was found between the δ 18 O level of bone phosphate in children and adults (Fig. 7) .
The influence of the developmental processes connected with changes in body size on the oxygen isotope ratios in skeletal material has been investigated by Kirsanow and Tuross (2011) . The authors of this paper used rats as animal models. They were bred under controlled laboratory conditions and given water containing a constant δ 18 O ratio. The research showed that the oxygen isotope level in tooth enamel does not change with age in rats (a rat's teeth grow throughout its life). Moreover, an analysis of the oxygen isotope level in the bone apatite of pigs conducted by Warinner and Tuross (2010) showed that there was no significant difference in the δ
18 O values of bone tissue in animals with a normal and reduced rate of organism growth. It can therefore be assumed that in the case of human beings as well, any differences arising from body size and the organism's changing growth rate at various stages of ontogenesis do not have a significant impact on the oxygen isotope composition in teeth and bones. Also, Kohn (1996) does not agree with the massdependent effect postulated by Bryant and Froelich (1995) . According to Kohn's model behavioral and physiological factors, such as amount of daily water input and output, as well as mechanisms of thermoregulation, are the most important parameters affecting the δ
18
O value in organisms.
In the present study we suggest that the variability of isotopic level of an organism, besides the well-known factors like climate, migrations or diet (Budd et al., 2004) , might be influenced by physiological changes occurring in the organism, and related to the process of involution. The conducted correlation analysis prompted the observation that after 40 years of life, the oxygen isotope level in bone tissue significantly drops as an individual increases in age (Fig. 6) . The causes of this phenomenon may be linked with involutional processes within an organism and progressive changes in bone tissue. Under physiological conditions, the activity state of osteoclasts and osteoblasts during elemental bone remodelling remains in a state of dynamic equilibrium (Hadjidakis and Androulakis, 2006; Ruimerman, 2005) . However, there are factors which can disrupt the homeostasis of this process, and then osteoresorption begins to gain an advantage over the synthesis of bone tissue. This phenomenon can be observed in the case of anaemia, hormonal disorders and other illnesses affecting the ionic homeostasis of the organism, as well as during pregnancy and lactation (Martin and Armelagos, 1985; Mulhern and Van Gerven, 1997) . Numerous studies indicate that the bone resorption processes which are already beginning around 30 years of age intensify considerably after 45 years of age, leading to a gradual loss of bone mass -at an average of 1-2% a year in women (Manolagas and Parfitt, 2010) . Lower value of δ 18 O might reflect a higher frequency and sharpness of osteopenia in elder women (White et al., 2004a) . After 50 years of life, i.e. during the perimenopausal period, the tempo of this process significantly increases and can even reach a rate of 4-8% per year in spongy bone and 2-3% in compact bone, frequently leading to osteoporotic changes (Manolagas, 2000) . It is true that the literature contains no proof of the existence of a relationship between the above phenomenon and the oxygen isotope concentration in bones, but an analysis of stable nitrogen isotopes conducted by Fuller et al. (2004) on hair taken from modern women revealed a level of less than 0.5-1‰ during pregnancy and lactation. Researchers suppose that similar phenomena may occur in bones and directly link them with the heightened resorption of bone tissue in this period, which can even reach 3-5% (Kalkwarf and Specker, 2002; Prentice, 2000) . The period devoted to pregnancy and breastfeeding is relatively short in comparison with the time required for elemental bone remodelling, so observation of any change in the oxygen isotope proportions in bone tissue linked to a period of pregnancy is difficult. However, we cannot exclude the possibility that if a women has multiple children over the course of several years (which, had been common among medieval populations) then we would expect to reveal the effects of pregnancy and nursing in adult women.
Other possible explanation for this observation concerns an activity level of older people. In older people, oxygen uptake decreases with age as a result of less intensive lung ventilation and physical activity (Żołądź et al., 2011) . Widory (2004) demonstrated that oxygen fractionation increases with decreased activity level, probably due to decreased oxygen diffusion through the pulmonary membranes, hart rate and water vapour loss. Thus, the oxygen pool in organism of less physically active people is characterized by an increased amount of the lighter 16 O isotope in relation to its heavier form. Moreover, a decrease of δ 18 O ratio was observed by Reitsema and Crews (2011) in bones of transgenic laboratory mice expressing human sickle-cell disease (SDC) globins which demonstrated less activity level. Hence, we can expect a reduction of 18 O in bone of the elderly in relation to younger, more active people. In addition, Widory (2004) found that older individuals had lower normalized amplitude of the O 2 isotope fractionation (Z). This phenomenon is probably linked to the O 2 fixation rate which increases with the age. Consequently, this leads to higher values of the δ 18 O in exhaled air and the fraction of O 2 used. The results of our analyses do not contradict the findings of the above research. Additionally, age differences have been noted in sweating rate (Crowe and Moore, 1974; Kenney and Munce, 2003) . Many studies indicate that the older people sweat less than younger subjects what is probably caused by a weakened activity of the sweat glands (Kenney and Munce, 2003) . In addition, the reduction in the sweating activity is more pronounced in aged females. During sweating, a preferential loss of lighter oxygen isotopes ( 16 O) occurs. Thus, in elderly people, less physically active and less sweating, it comes to a greater retention of lighter isotopes in the organism as compared with younger aged groups. Moreover, transcutaneous isotopic fractionation, probably, decreased in older individuals with thinner skin, causing a decreased δ 18 O, qualitatively similar to the observed trend.
One should also consider the fact that older individuals in medieval times could eat different foods than younger people. Daux et al. (2008) show up to 2‰ effects of diet on δ 18 O. The diet of inhabitants of the earlymedieval Kraków was probably not very diverse, as evidenced by the analysis of plant and animal remains explored at the cemetery. The diet included mainly farm animals like cows, sheep, pigs or chickens, as well as cereals, such as millet, rye or wheat (Mueller-Bieniek, 2010; Wojtal et al., 2010) . However, there is no any clear evidence that the diet of the elderly significantly differed from the diet of the younger inhabitants of prelocational Kraków. This problem, however, demands more detailed study with carbon and nitrogen isotopes.
It should be borne in mind that the analysis conducted for the needs of this paper is based on a relatively small sample (there was a particularly small number of individuals over fifty years of age). Moreover, when using archaeological material in research, the possibility of committing an error when estimating the age of adult individuals should be taken into account, particularly when remains are in a poor state of preservation (Jerszyńska, 2004) . The initial research findings presented in this paper suggest a need to undertake further research related to the influence an individual's age has on oxygen isotope concentrations in bone tissue. All the more so since the results of these investigations could be related to the interpretation of δ 18 O results for bone tissue taken from older individuals within a migration research context.
CONCLUSION
The correlation analysis results suggest that the results of the analysis of stable oxygen isotopes should be treated with great caution, for the δ
18
O of the long bones was attained for people over forty years of age within the context of migration research. The oxygen isotope level in bone tissue among these people may be the outcome not only of environmental factors but also involutional changes in bone linked to an organism's ageing. This problem does not apply to δ 18 O measurements in tissue coming from teeth, because, unlike bone tissue, it is not subject to elemental remodelling. These preliminary studies will be continued.
